Abstract: Amorphous bismuth telluride (Bi:Te) provides a compositiondependent, CMOS-compatible alternative material platform for plasmonics in the ultraviolet-visible spectral range. Thin films of the chalcogenide semiconductor are found, using high-throughput physical vapor deposition and characterization techniques, to exhibit a plasmonic response (a negative value of the real part of relative permittivity) over a band of wavelengths extending from ~250 nm to between 530 and 978 nm, depending on alloy composition (Bi:Te at% ratio). The plasmonic response is illustrated via the fabrication of subwavelength period nano-grating metasurfaces, which present strong, period-dependent plasmonic absorption resonances in the visible range, manifested in the perceived color of the nanostructured domains in reflection.
Plasmonic nanostructures, including photonic metamaterials, have conventionally been fabricated from noble metals such as gold and silver [1] . The drawbacks of these metals in relation to certain applications (e.g. high Ohmic losses, abundance, cost) are well documented [2] [3] [4] [5] and have inspired a search for alternative material platforms that encompasses conductive oxides, nitrides, superconductors, graphene and other 2D materials, to name but a few. The infrared plasmonic properties of conductive oxides (such as zinc oxide -AZO) can be controlled by doping [6] [7] [8] but otherwise, as singular elemental or stoichiometrically fixed crystalline compounds, these platforms present no possibility for controlled engineering or active switching of electromagnetic response parameters. In contrast, chalcogenide semiconductorsalloys containing at least one of the chalcogen (periodic table group 16) elements sulfur, selenium or tellurium -are well-known for the compositional variety of their optical and electronic properties, and as phase-change media that can be switched in non-volatile fashion between physical states with markedly different refractive indices, conductivities, etc. [9] [10] [11] [12] [13] [14] Certain crystalline chalcogenides (e.g. melt-grown Bi:Sb:Te:Se [15] , chemically grown BiTe and epitaxial (Bi1-xSbx)2Te3 [16] [17] [18] [19] ) have been demonstrated recently as topological insulators with low-loss metallic (plasmonic) surface states arising though strong spin-orbit interactions [20] . Here we show that amorphous, vapor-deposited (CMOS-compatible) thin films of bismuth telluride (Bi:Te) exhibit a plasmonic response at near-ultraviolet to visible frequencies, with the real part ε1 of its relative permittivity taking a negative values over a compositiondependent range of wavelengths extending from as low as 250 nm to as high as 978 nm.
Bismuth telluride is widely known as an excellent thermoelectric material, possessing a narrow band gap, high density of states near the band edges and low thermal conductivity [21] . It has attracted renewed interest since its discovery as a 3D topological insulator [22] , and in the form of chemically grown crystalline nanoplates has been observed to support surface plasmon modes in the visible wavelength range [18] . Its UV/VIS plasmonic response is demonstrated here in the first instance by variable angle spectroscopic ellipsometry measurements of relative permittivity (ε), such as presented in Fig. 1(a) : the real part (ε1) takes a negative value, as is required to support surface plasmons at an interface with a dielectric, between wavelengths λ1 and λ2 at which it is equal to zero (250 and 660 nm respectively in the example shown -a composition of 34% Bi and 66% Te, evaluated by energy-dispersive x-ray spectroscopy). being the wavevector of SPPs on a planar interface between metallic and dielectric media with complex relative permittivities εm and εd respectively; the latter is taken to be air in the present case; k0 is the free space wavevector.) Bi:Te cannot match the plasmonic FOM of aluminum or silver at visible wavelengths (though Fig. 1(b) ignores the fact that their surfaces will oxidize/tarnish in air), but its FOM is higher than that of titanium nitride across the entire visible range (TiN being plasmonic only down to 500 nm), and higher than that of gold from 550 down to 350 nm. The plasmonic character of amorphous Bi:Te is demonstrated through the fabrication of planar metasurfaces presenting absorption resonances in the visible range, specifically subwavelength period (i.e. non-diffractive) grating structures akin to those recently proposed for applications such as active nanophotonics photodetectors [28] and color-tunable photovoltaics [29] . Optically thick (transmission <1%) Bi:Te films were deposited on optically flat sapphire substrates (pre-baked at 150°C for 30 minutes) by co-evaporation from elemental sources of ≥99.9999% purity. A base pressure of 1.7  10 -8 mbar was achieved prior to deposition and the substrate was held within 10 K of room temperature on a water-cooled platen ~15 cm from the sources to produce low-stress amorphous films [30] . Film thickness is measured using a stylus profilometer. Nano-grating metasurface patterns, with a fixed linewidth L~100 nm and periods P ranging from 300 to 500 nm, each covering an area of approximately 20 µm  20 µm, were etched through the Bi[34%]:Te[66%] layer by focused ion beam (FIB) milling [29] .
Normal-incidence optical characteristics of the Bi:Te nano-grating metasurfaces were subsequently quantified using a microspectrophotometer (CRAIC QDI2010) with a sampling domain size of 15 µm  15 µm, for incident polarizations parallel and perpendicular to the grating lines (TE and TM orientations of the grating respectively, as indicated in the inset to Fig. 3(a) ). Unstructured amorphous Bi:Te has spectrally near-flat reflectivity of ~50% across the near-UV to near-IR spectral range, as shown in Fig. 3a . Nano-grating metasurface structures introduce plasmonic resonances for TM polarized light (incident electric field perpendicular to the grating lines) which manifest themselves as period-dependent 'structural colors' [as illustrated in Fig. 2(c)] , while no resonances are observed for TE polarized light -indeed, under TE illumination the nano-grating domains are almost indistinguishable from unstructured Bi:Te [ Fig. 2(d) ]. The nature of the TM resonance is illustrated via 3D finite element (Comsol MultiPhysics) numerical simulations, employing ellipsometrically measured material parameters for Bi:Te [ Fig. 1(a) ]. They assume normally incident narrowband plane wave illumination in the -z direction of Bi:Te gratings in free space and, by virtue of periodic boundary conditions, structures of infinite extent in the xy plane. The TM plasmonic resonance is characterized by a local enhancement of field in the milled slots of the nano-grating structure [ Fig. 3(b) , inset]. The small spectral offset between measured and numerically simulated resonance (reflection minimum) wavelengths λR is ascribed primarily to the fact that experimental data is obtained with a focused microspectrophotometer probe beam as opposed to the (computationally assumed) normally incident plane wave. In contrast, there is no localization or enhancement of field under TE illumination. The spectral tuning of TM resonance wavelength with nanograting period, shown in Fig. 4(a) , is accurately reproduced by the computational model [ Fig.  4(b) ], with minor discrepancies between experiment and simulation being attributed to manufacturing imperfections and inhomogeneity (deviations from the ideal model geometry, such as slight over-milling of grating lines into the substrate) and some implantation of gallium into the Bi:Te during FIB milling, likely to effect a small change in refractive index. Thus far we have considered a single Bi:Te compositional ratio of 34% Bi to 66% Te. Varying composition though has a profound effect on the optical properties of the alloy, providing an effective means of controlling the wavelengths at which ε1 = 0, and therefore the spectral band over which the material is plasmonic (i.e. has a negative value of ε1), as well as the corresponding losses (ε2). By employing "wedge shutters" which partially shadow the elemental deposition sources [29] , spatial compositional gradients of Bi and Te, thin film samples are produced in which the Bi:Te at% ratio varies continuously as a function of position over the substrate, from 1.6 to 17. This high-throughput approach enables rapid, systematic mapping of material parameters, i.e. complex relative permittivity, measured by variable-angle spectroscopic ellipsometry as a function of position, to composition [ Fig. 5(a) and 5(b) ]. While the near-UV ε1 zero-crossing wavelength λ1 and losses at this point are found to be largely invariant as a function of alloy composition, the longer zero-crossing wavelength λ2, and associated losses are strong functions of the compositional ratio [ Fig. 5 (c) and 5(d)]: λ2 redshifts as the ratio increases, i.e. as the proportion of bismuth increases. In the present case it is tuned from 530 nm at a Bi:Te ratio of 0.06 to 978 nm at 0.60. As such the width of the alloy's plasmonic band increases with compositional ratio [ Fig. 5(c) ] to encompass the entire visible spectral range at higher Bi:Te ratios, though losses (ε2) at longer wavelengths also increase with said ratio [ Fig. 5(d) ].
In summary, using high-throughput physical vapor deposition and characterization techniques, we demonstrate that amorphous bismuth telluride can serve as a compositiondependent material platform for UV/VIS plasmonics. The plasmonic character of the chalcogenide is illustrated via the fabrication of subwavelength period nano-grating metasurfaces, which present a highly anisotropic optical response: Under TM-polarized illumination (incident electric field perpendicular to the grating lines) plasmonic absorption resonances are manifested as period-dependent variations in the perceived color of the nanostructured domains, while for TE-polarized light the metasurface domains are almost indistinguishable from unstructured Bi:Te. Bismuth telluride offers a uniquely adaptable, material base for plasmonics and nanophotonics with compositionally controlled optical properties. While presenting a plasmonic response in an as-deposited amorphous thin film that holds a significant advantage over bulk and solution-processed crystalline chalcogenides (and various other 'alternative plasmonic' media) in terms of device production process compatibility and scalability. Alongside established credentials as a thermoelectric medium [31] , and the possibility of nonvolatile electrically/optically-induced phase-change switching of properties [32, 33] , it presents intriguing possibilities for the control of photons and electrons in thin film thermo/optoelectronics, including for aesthetic purposes (e.g. harnessing plasmonic 'structural color' in building-integrated thermoelectric devices). Furthermore, the high throughput approach to compositional tuning used in this study can be extended beyond binary alloys to ternary or doped ternary chalcogenides with the possibility of combining different physical properties (phase change, magnetic, electrical) with the mapped optical properties opening up the possibility of optimizing composition for a variety of different device applications.
